The German federal state of North Rhine-Westphalia (NRW) is home to one of the most important industrial regions in Europe, and is the first German state to have adopted its own Climate Protection Law (CPL). This paper describes the long-term (up to 2050) mitigation scenarios for NRW's main energy-intensive industrial sub-sectors which served to support the implementation of the CPL. It also describes the process of scenario development, as these scenarios were developed through stakeholder participation. The scenarios considered three different pathways (best-available technologies, break-through technologies, and CO2 capture and storage). All pathways had optimistic assumptions on the rate of industrial growth and availability of low-carbon electricity. We find that a policy of "re-industrialisation" for NRW based on the current industrial structures (assumed here to represent an average growth of NRWs industrial gross value added (GVA) of 1.6% per year until 2030 and 0.6% per year from 2030 to 2050), would pose a significant challenge for the achievement of overall energy demand and German greenhouse gas (GHG) emission targets, in particular as remaining efficiency potentials in NRW are limited. In the best-available technology (BAT) scenario CO2 emission reductions of only 16% are achieved, whereas the
Introduction
North Rhine-Westphalia (NRW), with 18 million inhabitants, is the most populous and densely populated state in Germany. It generates 22% of the German GDP and 4.6% of the EU-28's GDP [1] . Despite structural changes in the last decades, there continues to be extensive hard coal and lignite mining, power production and a very large energy-intensive industry. Around a third of Germany's primary energy production and of its consumption take place in NRW, and about 40% of the electricity is consumed there, while production is slightly higher, making the state a net electricity exporter [2] . NRW also emits about a third of German greenhouse gas (GHG) emissions (305 MtCO2eq in 2012) or about 7% of the EU's GHG emissions, and its total emissions are equivalent to those of Spain [3, 4] . The state is therefore key for meeting national and European climate targets.
Direct emissions from the industry sector in NRW were 53.5 MtCO2eq in 2012, or 17.5% of total emissions in the state [3] , making industry the largest emitter out of the state's energy end-use sectors. When indirect emissions from use of electricity and fuels are considered, emissions from the sector amounted to 38.3% of the state's energy-related CO2 emissions in 2011 [2] (for comparison, global direct and indirect emissions from industry accounted for just over 30% of global GHG emissions in 2010 [5] ). Among industry the five main energy-intensive sub-sectors (iron and steel, non-ferrous metals, cement, chemicals, pulp and paper) are responsible for almost 40% of industrial GHG emissions. Furthermore, typically one process in each of these sub-sectors dominates emissions (see Table 1 ).
In 2012 the NRW state parliament issued the Climate Protection Law (CPL) which stipulates that GHG emissions should be reduced by at least 25% by 2020 and at least 80% by 2050 compared to 1990 levels [6] . These targets are in line with the European Commission's objective of cutting emissions by at least 80% by 2050, and with the more recent binding target to reduce emissions by at least 40% below the 1990 level by 2030 [7, 8] . The CPL also mandated the development of a Climate Protection Plan (CPP), which was legally adopted in 2015 and which breaks down the state-wide reduction targets into sectors, timeframes and regions [9] . The comprehensive participation of all stakeholder groups was central to the design of the CPP and was stipulated within the CPL. Stakeholders in the main GHG emitting sectors (power, industry, transport, buildings, agriculture) were involved through a transparent process in the identification of sectoral potentials of climate protection via scenario development. Based on these sectoral scenarios, a general set of scenarios was built, and policies and measures for the achievement of the targets were proposed. The stakeholder consultations were supported by quantitative simulation in an energy system model in an iterative manner, as shown in Figure 1 . Table 1 . Share of selected production processes in total CO2 emissions of industry sub-sectors (Note: excludes industrial Combined Heat and Power (CHP); Emissions of electricity and heat demand calculated according to German mix). Source: own calculations based on NRW's detailed industry reporting to the European Trading Scheme (non-public data). In the context of the Lisbon Agenda, the European Union, national and regional governments have emphasized the aim to combat ongoing de-industrialisation. The European Commission has highlighted the need to bring European industry back to its former share of 20% of GDP by 2020, from less than 16% now [10] . Ways of going about re-industralisation include investments, regulation changes, the set-up of public-private initiatives, and innovation efforts as, for example, the digitalization of industrial production in "smart factories" (initiative 'Industrie 4.0' in Germany [11] ). The state of NRW managed its decline in traditional industry (especially in the Ruhrgebiet) since the 1980's with investments in environmental technology industries, among other strategies. This paper sets out to explore the feasibility of achieving the CPL targets in tandem with a re-emergence of a high labour-and material-cost region such as NRW in global industry. This article first describes the process of stakeholder-based scenario development that was followed in NRW, and why we believe this work addresses a knowledge gap in the field. Then, the basic assumptions agreed during consultations are presented in detail: on the one hand, the industrial growth pathway and, on the other hand, three different technological scenarios, two of which reflect the assumptions agreed with stakeholders whereas a third one sketches a CCS-strategy for industry and was not discussed in the consultations. Finally, the authors discuss scenario results for the five main energy-intensive processes. The article closes with recommendations for industry and policy makers.
Stakeholder-Based Scenario Development
As mandated by the CPL, the CPP is based on a broad-scale dialogue and stakeholder participation process. Two phases of stakeholder consultations were carried out for the main GHG emitting sectors. This article refers only to the first phase of consultations for the industry sector. A second phase of validation took place in 2014.
The aim of the consultations was to formulate the industry-sector's emission reduction scenarios and long term strategies for the CPP, and to validate the core assumptions. For the industry sector, the first phase of stakeholder consultations took place from September 2012 until November 2013 [12] . Over this period, six stakeholder workshops lasting one day each were held. The aim of each workshop was to discuss and refine the inputs prepared by Wuppertal Institute, in charge of running the Wuppertal Institute System Model for Energy and Emissions (WISEE) NRW energy system model (see Section 3). In the first workshop the model framework and starting assumptions were presented, followed by a second workshop in which the available technology options for emission reductions were discussed in subgroups for each industrial branch. The third workshop helped to define technical parameters (lifetimes, energy and emission intensities, stocks) of the technology options and to discuss the details of the models with the stakeholders. In it, a draft scenario with low-carbon assumptions was discussed. As a result, intensive detailed discussions on assumptions and parameters were conducted with industry representatives of the energy-intensive branches. In a fourth workshop a draft best-available technology (BAT) scenario and a low carbon (LC) scenario featuring more ambitious assumptions-such as the development of a hydrogen infrastructure for NRW-were presented, both incorporating stakeholder-validated assumptions. In the fifth workshop the results of the scenarios as well as necessary policies and measures were discussed. A final plenary served to approve the final scenarios as well as the assumptions.
The participants to each workshop included about 40 representatives of 16 stakeholder groups (see Table 2 ). These were invited based on a prior stakeholder mapping carried out by Wuppertal Institute for NRW's Ministry of Environment. The target was to have a broad representation of the main industries as well as other relevant stakeholders from all societal groups.
The majority of the stakeholder representatives came from firms in the energy-intensive industrial sub-sectors, together with representatives from industrial associations, trade unions, chambers of commerce, environmental and consumer organisations, associations of municipalities, academia and others.
The groups were moderated by experts from a consulting firm. Researchers supported the refining of stakeholder proposals for input into the model as well as in feeding model outputs back into the discussion. Table 2 . List of affiliations of stakeholder representatives who participated in the "Industry" working group of the CPL consultation.
Stakeholder consultations and, more specifically, stakeholder participation and engagement, have increasingly been used in last decades with the aim of improving the effectiveness and transparency of public policy as well as the acceptance of and engagement in long term strategies. In the realm of energy and climate change mitigation, stakeholder-based scenario building has emerged recently as a method for inputting relevant data and for improving interpretations of model outputs, as well as for translating the results of the analysis into strategies [13, 14] . From a theoretical point of view, collaboration between research and stakeholders is seen as a prerequisite for trans-disciplinary research that enables societal transitions [15] . There is a broad set of methods for stakeholder engagement and no consensus on what degree of stakeholder involvement constitutes real engagement and empowerment. In the case of NRW, intensive stakeholder involvement was stipulated in the CPL, albeit with no specific requirements. Another recent example of stakeholder participation for climate change mitigation policy in the industry sector is that of the UK's Industrial Decarbonisation Roadmap [16] .
The outputs from the energy system simulation model described in Section 3 were fed into the workshop discussions. The model used is well suited for such a participatory process because the detailed technical representation of processes in it allowed the validation of basic assumptions by industry stakeholders. Moreover it made the scenarios transparent and understandable to the stakeholders. The scenarios can be defined as "bottom-up" as they do not follow a target oriented back-casting approach but rather explore the potential effects of policies that the stakeholders proposed during consultations [17] .
WISEE NRW Energy System Simulation Model
Following Herbst et al. [18] the WISEE NRW can be classified as a bottom-up simulation model, with a very detailed representation of energy system technologies and a low degree of endogenization, i.e., many parameters can be changed by bringing in stakeholders' knowledge. Its focus is on unveiling existing energy efficiency and GHG mitigation potentials rather than finding the optimal pathway to achieve a given target [19] .
Four energy demand sectors are represented in WISEE NRW. Figure 2 gives an overview on the model architecture with a focus on the industry sector. The model does not represent economic variables, except for the power plant sector. NRW's energy demand sectors-including industry-are covered in detail, whereas the rest of Germany is represented on a more aggregate level, with the exception of power plants, which are modelled in high resolution for the whole of Germany.
In the "Industry" module, more than 20 energy-intensive industrial production processes are described, with all relevant input and output flows, together with various future technology options. Based on these, WISEE calculates energy demand by multiplication of an activity value (e.g., steel production or gross value added (GVA) of an industry) with an energy intensity value. Energy-related emissions are calculated by multiplication of energy demand by the emission factor of the respective energy carrier. Process-related emissions are calculated on the basis of activity rates (e.g., anode use in the aluminium industry or lime use in steel production) and technology-specific emission factors.
The time series of energy intensities for production processes are determined for every sector-specific technology (e.g., electric arc furnace, blast oxygen furnace, steam cracking) and for cross-cutting technologies (e.g., motors, lighting) in the respective modules. To do this, vintage stock models for all major plants in steel, aluminium, cement and ethylene production were used (for more details, see [20] ). Regarding steel, this study focuses on primary steel production which is dominant in NRW. Due to a high specialisation of NRW steelmaking on specifically defined steels, switching to secondary steel was not considered as a general mitigation option, as the quality of the products is typically not comparable. The vintage stock models account for all major production stocks individually with their specific age, capacity and efficiency using data from NRW's industry reporting to the European Trading Scheme (ETS) and further information from emission reporting by the companies under the pollution prevention directive. These data are confidential but were made available by the state authority for the modelling of scenarios. For the paper mills, such detailed data was not available, therefore a simplified model was used.
A technology matrix provided base assumptions for the specifications of new investments or replacements (lifetime, efficiency, energy carriers) and their availability dates (see Table 3 ). Assumptions about lifetimes were derived from Fraunhofer-ISI et al. [21] and stakeholder inputs for all three scenarios. Stakeholders actively helped to construct the assumptions on best available technologies (BAT), i.e., technologically proven and economically viable options. Low Carbon (LC) technologies were chosen by the authors based on literature, and were validated by the stakeholders though at times considered too ambitious. The CCS scenario was also derived from literature. Assumptions were discussed with stakeholders, who did not approve it during the consultation process. Electricity supply was simulated in the detailed power plant dispatch models WISEE LOAD and WISEE CHP, which use electricity and CHP demand from all sectors of the German energy system. Using an hourly breakdown of electricity demand these models simulate the changing electricity supply for Germany until 2050. The decarbonization assumptions were discussed with and approved by stakeholders from sectors other than industry, including stakeholders from the power sector [22] . Table 4 provides the resulting emission factors for the LC scenario, with high shares of renewable electricity generation, reaching 77% in Germany in 2050 [22] ). The scenario was chosen as it was considered that it was the one best suited for the industrial decarbonisation strategies analysed in this paper. For the sake of transparency we used the same emission factors for all three scenarios presented here to calculate indirect emissions of industrial electricity and CHP heat consumption. Notes: * Shading denotes technologies that were assumed in each scenario. ** Net fuel consumption: Gross fuel consumption minus steam co-generation. 
Pathways for Sector and Production Growth
The underlying estimates of economic development of the state were originally based on the assumptions used in the federal government's energy plan [34] which provided a rather moderate outlook on overall economic growth and assumed a further decrease of the share of industry and particularly in production of energy-intensive goods. Stakeholders from industry, however, suggested to use the re-industrialisation policy announced by the EC in 2014 as basis for the projection of industrial production, i.e., interpreting it simply as an increased growth of existing industries without major structural changes. As a result, an outlook until 2030 by the German chemical industry [35] was used as an alternative projection, featuring a substantially more optimistic outlook on future production of German industry. After downscaling these national forecasts to the state-level, three possible growth pathways for industry development in NRW were estimated, leading to different rates of growth of gross value added (GVA, a measure of the value of goods and services produced in an area or sector of an economy, which refers here to industrial output minus intermediate consumption) in 2050 (see Figure 3) . All three pathways assume that NRW's energy-intensive industry sector will continue to grow despite the on-going structural change. Although scenarios for the three growth trajectories were approved in the stakeholder consultations, this paper focuses on the scenarios developed for the intermediate-but still optimistic-growth path which expects an average growth of NRWs industrial GVA of 1.6%/a until 2030 and 0.6%/a from 2030 to 2050. However, some discussion on the effects of alternative paths is made in Section 7. The choice of the intermediate growth path is based on the fact that it received the strongest consensus among stakeholders. The intermediate growth path would mean that the share of industry in the state's GDP would increase from 18.8% in 2010 to 21.7% in 2030 and remain stable thereafter. This path is significantly above what industry in NRW has achieved seen since 1990 and is also slightly higher than the 1.1% per year increase in industrial value added as expected in the most recent 2013 Reference Scenario for the EU as a whole [36] .
In order to feed the detailed data into the WISEE NRW model, the average sub-sector GVA growth was translated into changes in production volumes of energy intensive products ( Table 5) . The values for this breakdown were estimated in consultation with the corresponding industry stakeholders on the basis of the literature (in Prognos [35] , growth rates are given for the steel, aluminium, paper and chemicals sub-sectors.). The largest relative increase is foreseen for aluminium as stakeholders assumed it would recover to a full use of existing production capacities by 2020. For primary steel production stakeholders assumed to be able to secure slightly higher market shares than forecasted for Western European production [37] . Other products taken into account here were expected to stagnate or even decline. 
Technology Scenarios
Three technological scenarios were discussed intensively during the consultation process, especially with representatives from energy intensive industries. During the first workshops, the scenario that relied on carbon capture and storage (CCS) technologies was not considered feasible by the stakeholders and thus was excluded from later workshops. Nevertheless, this technology was discussed and barriers inhibiting this technology were identified. In this paper, we analyse this CCS path despite its rejection by stakeholders, with the purpose of providing a broader range for comparison. Hence, the following three technology scenarios have been modelled:
The best available technology (BAT) scenario is based on the most efficient technologies currently in the market, as found in the literature and through expert stakeholder knowledge (see Table 3 for details). This pathway is not only technology-related as it also assumes improved process management, or "operational excellence". The scenario assumes new facilities and equipment are purchased with BAT under usual re-investment cycles, both for sector-specific processes as well as cross-cutting technologies.
Additionally, the share of industrial CHP for heat provision increases slightly, and so does the electricity provision from CHP as a result. In particular sectors (most prominently cement and paper production as well as CHP) a fuel shift from hard coal and lignite to natural gas or biomass is assumed. This shift does not offer, however, a great potential in other sectors. Technological breakthroughs or shifts in process structures are not considered, as it is assumed that no breakthrough technology will come into play until 2050. During the consultation process, this scenario and its underlying assumptions was accepted by all stakeholders, but was particularly favoured by industrial firm and industrial association representatives.
The low carbon technology (LC) scenario assumes more ambitious technology development than the BAT and its assumptions were backed by the stakeholder discussions. Companies are assumed to accept a longer 'return of investment' period (currently often less than one year for non-strategic technology) and would be able to increase the upfront investments in order to tap the existing potentials in efficiency increase. With regards to technology, the LC scenario assumes that improvements in energy efficiency beyond BAT become economic for cross-cutting technologies. Furthermore, a slight shift to electricity-based technologies partly increases efficiency and reduces emissions, thanks to a major decarbonisation of electricity supply (see Table 4 ). The major impact for mitigation is however linked to implementation of new breakthrough and low-carbon technologies for energy-intensive processes.
The backbone of such a technological shift is the assumed development of a hydrogen infrastructure for NRW, which would be linked to excess renewable electricity. The electrolysers needed and respective hydrogen storage capacities would be situated in NRW close to the points of consumption. Electricity would mainly come via high-voltage DC lines-already under construction-from North Germany, which in this scenario would supply large amounts of excess electricity. In our electricity supply scenario we assumed high shares of renewable electricity in the years after 2030, reaching 77% in Germany in 2050 [22] . Hydrogen would be used in the iron and steel industry as well as for various processes in the chemical industry. These technologies are currently not available commercially, but exist in demonstration or pilot phase. During the consultations, these assumptions were approved by all stakeholders, but mostly favoured by non-industry representatives. Industrial firm stakeholders in general considered these assumptions very ambitious.
The carbon capture and storage (CCS) scenario keeps the same assumptions as for the LC path and adds the implementation of CO2 capture and storage (CCS) in large industrial facilities. In the case of crude steel production, however, hydrogen use in a DRI process was given up in favour of smelt reduction (with coal). The assumptions therefore include CCS in iron and steel making as well as in ethylene production (steam crackers). Additionally, currently dispersed cement and lime production is assumed to become concentrated at one or two facilities so that CCS could be added to these emissions sources. In the stakeholder discussions, the high costs and the lack of available storage facilities in the region, as well as the perceived lack of acceptance were major criticisms for this pathway. In contrast, most global international forecasts envisage that CCS will be the most important new technology option for reducing direct emissions in the sector (e.g., Fischedick et al. [5] ). The IEA [38, 39] estimates that more than 30% of industrial emission reductions in its 2DS scenario would be brought about by CCS, and that without CCS, emissions in 2050 would not be reduced. Worldwide there are only three large-scale industrial CCS facility currently in operation, two of which are for fertilizer production [40] . CCS in gas processing and parts of chemical industry (ammonia production) are seen as possible early opportunities as the CO2 in flue gas is already highly concentrated, resulting in lower costs and higher process energy efficiency [41] . Emission-intensive industrial sectors like cement or iron and steel have less pure CO2 concentrations in flue gas, although these are nonetheless higher than from power plants [42] . One of the attractions of CCS is that in principle it does not require significant changes to production processes, where other mitigation options might require a considerable change or retro-fitting [43] . CCS in industry-as in the power sector-faces a set of barriers which are subject to much research.
The scenarios are explained in more detail in Table 3 above. The differences between the scenarios are linked to differing process technologies and their specific efficiencies. It is important to note that this analysis is based on technological potential and application and does not consider economic aspects. All three scenarios assume BAT for cross-cutting technologies such as electric motors, lighting or burning systems.
Results
This section provides modelling results for the selected production processes, i.e., primary steel, aluminium, ethylene, cement and paper production, as well as for NRW's industry as a whole. Figure 4 shows results with regard to changes in final energy demand while Figure 5 shows results for CO2 emissions. The changes shown are broken down into several single effects:  Volume effect: calculated by up-scaling the energy demand and emissions values for 2010 to the production volume expected for 2050.  Efficiency and fuel switch effect: calculated by applying to 2050 production levels the difference in specific energy consumption (GJ/t of product) and in specific emissions (tCO2/GJ) between 2010 and 2050, respectively.  Captured CO2 effect: reflecting the volume of captured and stored CO2.  Mitigation in the energy sector: calculated by rating the demand of electricity and CHP heat in 2050 with the change in energy mix between 2010 and 2050 (i.e., differences in emission factors of electricity and heat generation in CHP district heating; see Table 4 ). Figure 4 shows that the volume effect (+37% final energy demand compared to 2010) is much larger than the efficiency effect in the BAT scenario as the saving potential of further energy efficiency measures is comparatively low in NRW's primary steel production, with an existing production stock which is close to the state of the art. Total final energy demand increases by 28% whereas CO2 emissions rise by only 16% as fuel switch (to a limited extent) and the restructuring of energy supply (reduced indirect emissions) contribute to CO2 mitigation, in addition to energy efficiency.
Primary Steel Production
In the LC scenario, direct reduction (DRI) with hydrogen and smelting in an EAF replaces the BF/BOF route to some extent, but it is less energy efficient regarding final energy demand (+38%). However, on the emissions side, efficiency losses are overcompensated by the switch from coal to hydrogen as reducing agent. It is important to note that, for simplicity, hydrogen's indirect emissions are assumed here to be zero, i.e., hydrogen is assumed to be produced fully from excess renewable electricity. The supply model did however consider the effect of flexible hydrogen production with electrolysers on the electricity supply market. Thus the actual marginal effect of hydrogen demand on power plant dispatch is simulated, but corresponding CO2 emissions are allocated to final electricity demand and CHP heat only and reflected in the values given in Table 4 . In the CCS scenario energy demand also rises due to the additional energy demand of carbon capture. Nevertheless the CO2 reductions are the highest out of the three scenarios. If BF slag production is taken into account as a CO2 credit (see discussion on cement sector below for more details), emissions allocated to steel industry in the base year are lower. The same is true for 2050, but the slag volumes are different: in the BAT scenario there is more BF slag than in the base year, in the other scenarios there is less slag. The slag credit is the lowest in the CCS scenario where BF slag is completely omitted because of a total restructuring of the production stock (BF route is completely replaced by smelt reduction in 2050). Percentage change in energy demand in 2050 in the three scenarios compared to 2010 levels in selected industrial production processes (panels A to E) and overall for NRW (F). Notes: CCS options were not considered in the aluminium and paper sectors. In these sectors, the assumptions of the LC scenario were applied to the CCS scenario.
Figure 5.
Percentage change in CO2 emissions in 2050 in the three scenarios compared to 2010 levels in selected industrial production processes (panels A to E) and overall for NRW (panel F). *) CCS options were not considered in the aluminium or paper sectors. In these sectors, the assumptions of the LC scenario were applied to the CCS scenario. Legend: Volume-Volume effect; Efficiency-effect of energy efficiency and fuel switch; Electricity-effect of mitigation in the energy sector; BF slag-change in cement industry due to changes in steel production.
Aluminium Production
Aluminium production in NRW in the base year 2010 was characterized by a 50% share of primary aluminium production, although there was some idle capacity due to the economic crisis. It is assumed in all scenarios that primary aluminium production facilities will operate at full capacity again in the near future and that the existing plants will be replaced to BAT by 2030, with the same annual output. Secondary aluminium production increases in the 2050 horizon, in line with the growth of the world market. In total, aluminium production increases by 142% compared to the base year 2010 (2.2% per year).
Final energy demand reduction (50% in the BAT scenario) is achieved by the shift to secondary aluminium and the replacement of old facilities. In the LC scenario, the stock of primary aluminium production plants is assumed to become even more efficient, via break-through technology (see Table 3 ), resulting in a cut of 84% of final energy compared to the production structure in 2010. In total, final energy consumption of aluminium production in 2050 is 92% higher in the BAT scenario than in 2010, and 58% compared to 2010 in the LC case. If the 2050 electricity consumption level were to be provided by the 2010 energy mix in electricity generation, CO2 emissions would rise by 98% (BAT) and 29% (LC) respectively. However, the high share of electricity demand together with the restructuring process in the energy sector result in a total CO2 emission reduction of 23% (BAT) and 68% respectively (LC). CCS was not considered for aluminium.
Ethylene Production
Ethylene is one of the major intermediate products between crude oil refining and chemical industry outputs. Following the expected reduction in oil-based fuel demand in transport and households, production is expected to shrink by 29% (0.9% per year) in our scenarios. Efficiency delivers an additional 25% cut in energy demand in the BAT scenario and 29% in the LC scenario respectively. CCS increases energy demand compared to the LC scenario by 4%, but brings down emission levels by 83% compared to 2010. Reductions in the other scenarios are 58% (LC) and 54% (BAT).
Other global analyses find that upgrading all steam cracking plants to best-practice could reduce energy intensity by 23%, with a further 12% saving possible with BAT [5, 44] . In the chemical sector as a whole, the IEA [39] estimates that application of best practice could save 24% of current energy use, while Broeren et al. [45] find that 25% of emission reductions are possible. The chemical industry is very heterogeneous, with a large number of inputs, processes and products. This poses considerable challenges in terms of data availability and analysis. Although ethylene production is the largest consumer of energy in the sector, other important intermediate products (e.g., ammonia for fertilizer production, chlorine) were not considered here.
Cement Production
The most prominent cost-effective option in cement manufacturing is to use clinker substitutes to reduce the clinker-to-cement-ratio [5] . As shown in Figure 5 , CO2 emissions reductions in the cement sector are strongly dependent on the availability of by-products of steel production (blast furnace slag). Nevertheless, there are both efficiency and fuel switch potentials in the clinker making process, and these are interlinked. In our scenarios, clinker production is characterized by a high share of renewable fuel substitutes as input into furnaces, which limits the final energy efficiency potentials compared to the input of hard coal which is the benchmark regarding final energy efficiency. Energy demand reduction provided by efficiency measures is therefore only 6% in the BAT scenario. In the LC case-with a 14% share of so-called LC cements (see Table 3 )-a 15% cut is achieved. Overall energy demand is reduced by 16% (BAT) and 13% (LC).
In the CCS scenario-where blast furnace slag is no longer available-clinker production (with constant cement production) is 11% higher than in 2010. CCS requires additional fuel input and electricity, so total final energy input increases by 31% compared to 2010. Total CO2 emission reductions are the highest in the BAT scenario and the lowest in the CCS scenario. From this perspective, assumptions for the steel industry dominate the results in the cement industry. Whereas in the BAT scenario additional slag is a contribution to emission reductions of 14% in the cement industry (ceteris paribus), lower slag volumes in the LC and CCS scenario result in a negative contribution to emission reductions (they increase by 4% and 28%, respectively). To show the actual achievements in the cement industry, we made a second analysis in which the steel industry's impacts on cement production were segregated: this showed that in the BAT scenario emission reductions compared to 2010 are 15%, whereas in the LC and CCS scenario they are 25% and 45%, respectively.
For comparison, the IEA [39] estimates that the overall technical potential for current energy use reduction is 18%. The use of alternative fuels (e.g., waste, biomass, scrap tires and waste oils) is an important area of study, and it is estimated 12% to 15% of the power consumed in a cement plant can be generated through waste heat recovery [39] . Fitting cement kilns for CCS is technically feasible and is recently piloted at a Norcem cement plant in Norway [46] . It is estimated that it could increase the costs of cement considerably [43, 47, 48] . Other innovations apart from the LC-cement considered in this study are awaiting commercialization [49] .
Paper Production
Finally, paper production shows an energy demand cut of 19% in the BAT and 31% in the LC scenario. In the LC scenario, paper production is lower than in the BAT case (due to the production of lighter paper). This can be considered a material efficiency effect as the level of final service is assumed to be the same for both types of paper.
CO2 emission reduction is considerably higher than in other sectors (BAT: 53%; LC: 62%) because of the high share of electricity demand in paper production and the substantial reduction of emissions related to electricity consumption. If our assumptions for industrial CHP in paper had been higher, emission reductions might have been lower as-with very little domestic pulp production-biomass potentials are low in NRW's paper industry.
Overall, the IEA [39] estimates that the technical potential for energy use reduction in paper and pulp production is 26%. CCS for the European pulp and paper industry has been studied by Jönsson and Berntsson [50] , showing that there is a challenging geographic miss-match between the location of the emission clusters and the location of probable CCS infrastructure.
Aggregated Effects from Selected Processes
The overall results regarding the five core energy intensive production processes reveal that:
 Total volume effects lead to increasing energy use and CO2 emissions. It is important to note that the assumptions about future physical production of energy intensive goods are relatively optimistic, reflecting a re-industrialisation policy (see Section 4) . Aggregated final energy demand will increase by 18% and CO2 emissions by as much as 34% (due to an implicit switch towards coal, given high increases of steel production).  Total final energy demand increases by 4% compared to 2010 in the BAT scenario, as the increase in production is only partly compensated by the improved energy efficiency. In the LC scenario, final energy demand increases even more (6% by 2050) as energy efficiency gains in aluminium, ethylene, cement and paper production are counterbalanced by less energy efficient steel making (which is however based to a considerable degree-40%-on renewable hydrogen). The CCS scenario achieves the lowest overall improvements in energy efficiency due to the high energy demand of CCS: final energy demand increases by 10%.  With regards to overall CO 2 emission reductions, in the BAT scenario reductions of only 16% are achieved. Both the LC and the CCS scenario achieve higher CO2 reductions: the LC scenario's 50% reduction is mainly due to an increased use of renewable energies via hydrogen and electricity, and the CCS scenario achieves a 79% reduction while relying on fossil fuels and on the long term storage of captured CO2.
Total industry CO2 reductions in NRW (including all processes and cross-cutting technologies) in the BAT scenario are 32% in 2050 compared to 2010, 41% in the LC scenario and 55% in the CCS scenario. The additional reductions achieved in the LC and CCS scenario compared to BAT can be attributed almost completely to the selected five products we described here in depth, which again emphasises the importance of these energy intensive productions for GHG mitigation in industry in NRW.
Discussion
NRW's 2012 Climate Protection Law mandated the development of a Climate Protection Plan which will break down the state-wide reduction targets into sectors, timeframes and regions. The comprehensive participation of all stakeholder groups is central to the strategy. The stakeholder consultation for the industry sector gathered representatives from the five main GHG emitting branches together with a wide range of societal stakeholder groups in a process of scenario building which was supported by iterative rounds of energy system modelling.
A number of lessons have been learnt from this dialogue (the authors intend to publish further details on the methods used in and lessons learnt from the stakeholder participation process in the near future, including for the sectors other than industry which were studied as part of the CPP (power sector, transport, residential, agriculture and land use, end-consumers). First, the type of bottom-up modelling approach applied in this study appeared to be suited for the participation of stakeholder representatives as it provided clear technical and economical data to be discussed. However, stakeholders in the industry sector needed to have specific technical expertise on individual industry branches or processes, which partly excluded experts from other branches or from other stakeholder groups from the discussion about specific assumptions. On the other hand, the approach tended, in our view, to underestimate long-term efficiency potentials as it is based on today's knowledge about technologies and it limits learning effects to the assumed low-carbon technologies. Moreover, the balance of the stakeholder group proved important: industry representatives of companies and industrial associations often had a knowledge advantage and participated more consistently and strongly than civil society representatives. During the process, it was found that representatives of companies and industrial associations in general favoured conservative assessments of efficiency potentials and preferred the BAT perspective. Moreover their assumptions on the performance of the own industry branch were relatively optimistic as compared to that of others'. In contrast, non-industry representatives stressed the potential for further efficiency and GHG mitigation gains that could be realised by new technologies which are not economically viable today. The existence of different views led to the creation of multiple scenarios on industry growth and technology development.
These results are not directly comparable with global analyses, due to the nature of the model used and the fact that the assumptions relate to NRW where BAT is already at present widely implemented. Nevertheless it is useful to put the results in the context of the global discussion on the GHG reduction potential in the sector as well as of the wider portfolio of options.
The IEA [38, 39] estimates that the implementation of BATs globally could by 2050 reduce industrial overall energy consumption by 20% from current levels. On the other hand, industry-specific studies suggest that broad application of BAT could reduce energy intensity by about 25%, while innovation could deliver further reductions of 20% [5] . These results are in line with our scenario results displaying a range between 34% (CCS) to 36% (BAT and LC) in energy intensity improvement.
Global studies suggest that low cost options and negative cost options exist, but to achieve near-zero emission intensity levels in the industry sector would need innovative options like CCS, which are associated with higher costs [5] . Integrated models analysing all end use sectors and their interdependencies [51] point towards possible reductions in industrial final energy compared to baseline of 22% to 38% and find that the potential for switching to low carbon fuels, including electricity, heat, hydrogen and bioenergy ranges from 44% to 57% of final energy. Most of these scenarios are aggressive, not only requiring immediate deployment of BAT across a large number of production processes, but also quick commercialization of new innovations. In particular, CCS is considered the most important new technology option for reducing direct emissions in the sector. For NRW we identified no further potential for reductions in final energy by using LC technologies instead of BAT. Due to the high relevance of the steel industry in NRW, potentials for fuel switching are limited. In our scenarios therefore the share of low carbon energy carriers (including CHP heat) ranges from 40% (BAT and CCS) to 55% (LC), which is still comparable to the range in global scenarios displayed above.
It is increasingly acknowledged that measures beyond energy and carbon efficiency technologies are needed if GHG emission reductions in the industry sector are to meet the needed levels [5, [52] [53] [54] . Reducing yield losses in materials production, reusing old material, designing for extended product life and light-weight design, de-materialization are some of the options available, and can be implemented through process innovations and new approaches to design. These strategies require not only technical but also policy changes that can impact manufacturer and consumer behaviour by raising awareness and changing preferences. Their potential is currently difficult to quantify, and there is a lack of experience in the implementation of these strategies. This holds particularly true for approaches on regional levels such as the one we have studied. Industry stakeholders do not deny these trends but do not see that they will lead to production decreases in their companies, often claiming that these trends will impact other regions and not affect domestic production. This was the reason why such strategies were not assumed.
System approaches are needed to advance understanding of how these measures can contribute to emissions reductions in the industry sector and how they impact other sectors.
It is interesting to compare results of the industry study with that of other energy end-use sectors which were investigated in parallel in similar processes of modelling and stakeholder participation. As mentioned above, final energy demand of industry goes down by only 0.1% per annum in industry in the BAT scenario (and slightly increases in the LC and CCS scenarios) whereas in the household sector-with a strong refurbishment strategy-2.9% final energy savings are achieved per annum. The service sector achieves 1.0% and the transport sector 1.2%.
Moreover a further insight is provided by examining alternative growth pathways. Although this paper focused only on an intermediate-yet optimistic-scenario for industry GVA growth, we also examined two other growth pathways under the two technology scenarios (BAT and LC), shedding additional light on the differences between industry and other sectors. In a scenario combining lower industry growth (0.6% per year) with LC technologies, final energy demand decreases by 0.5% per year; in the LC scenario with a stronger GVA growth rate of 1.6% there is an annual increase in final energy demand of 0.3%. In sum, in all of our scenarios, final energy demand in industry decreases less than in all the other end-use sectors, or indeed grows.
If the different modelling exercises performed for NRW were comparable across sectors, this would lead to an overall picture in which industry's share in NRW's emissions increases significantly in the future, reaching a share of more than 30% in the LC scenario compared to 18% in 2010 (without emissions from industrial CHP). This could have several consequences: one is that other sectors would have to compensate for the slow emission reductions in industry. As a result, the CPL's target of reducing NRW's GHG emissions by 80% vs. 1990 would only be achieved if electricity generation were to be almost fully converted to renewable energy sources by 2050. Another consequence could be the that NRW industry would need to increase its share under the European Emission Trading System from 11% in 2010 to 30% to 60% by 2050, entailing significant costs.
We acknowledge a number of caveats in this study: in general, the model is limited by its nature, as the analysis is based on technological potential and it does not consider economic aspects. The precondition for implementing these scenarios are reliable economic conditions as well as range of other factors such as political will and public acceptance. Particularly in energy intensive industries competing on global markets this would also mean implementing high CO2 prices at an almost global scale, or introducing equivalent measures, e.g., border tax adjustments [55] . Moreover, the assumptions for low-carbon technologies may not be accurate as they were not explored as well as conventional processes. Processes of further structural change or technology learning, particularly on the energy demand side, are only partly covered by the assumptions of the model.
Conclusions
This study arose from the political will to design the climate protection plan for the German state of North Rhine-Westphalia in a highly participatory manner, and with the desire of improving on important shortcomings of conventional scenario analyses. Our stakeholder-based analysis of future developments of industrial energy use and GHG emissions generated some important results with regards also to national and European energy and climate policy. The results for NRW show that a policy of "re-industrialisation", even at a moderate growth pace, would put significant pressure on energy demand and GHG emissions from industry.
The analysis of BAT and further technology options shows that emissions arising from future growth of industrial output cannot be fully compensated by more efficient technology, partly because very energy-intensive production processes are already near BAT. In order to significantly reduce emissions from energy-intensive sectors, the development and implementation of new breakthrough technologies such as electrification, hydrogen-based processes for steel, alternative cements or CCS becomes necessary. These technologies, however, may use more energy than conventional BAT, a fact that is most pronounced for CCS. Ambitious low-carbon scenarios for energy-intensive industry therefore would need to rely on a de-carbonised electricity supply.
In sum, decarbonising basic industry in NRW poses a considerable challenge and past trends in energy use decline (due to efficiency improvements and structural change) will not return easily as remaining efficiency potentials in NRW are limited. This is not necessarily the case in other world regions, where current standards often are lower and substantial potential to further technology-based improvements still exist. Energy intensive industries in a high labour-and material-cost region such as NRW are facing significant competition on the global markets. So far, important strategies to remain competitive have been the high efficiency of production and the development of high-quality and specialised products. Actively promoting low-carbon innovation could be a logical continuation of this strategy, delivering high efficiency in a future carbon-constrained world as well as allowing NRW to further specialise in low-carbon products.
